Abstract: Ruddlesden-popper type Srn+1IrnO3n+1 compound is a major focus of condensed matter physics where the subtle balance between electron-electron correlation, spin-orbit interaction and crystal field effect brings a host of emergent phenomena. While it is understandable that a canted antiferromagnetic (AFM) insulating state with an easy-plane anisotropy is developed in Sr2IrO4 as the 2D limit of the series, it is intriguing that bilayer Sr3Ir2O7, with slightly higher effective dimensionality, stabilizes c-axis collinear antiferromagnetism. This also renders the Sr3Ir2O7 as a unique playground to study exotic physics near a critical spin transition point.
Layered compounds of Ruddlesden-Popper (RP) oxides An+1BnO3n+1 are a fertile playground to study and engineer the interplay of electronic and magnetic properties with crystal lattice dimensionality [1] [2] [3] [4] [5] . The crystal structure of the RP series can be viewed as n consecutive ABO3 perovskite layers sandwiched by rock-salt AO layers along the c-axis. When n varies from 1 to infinity, the lattice undergoes an evolution from the quasi-two-dimensional (2D) limit to the three-dimensional (3D) limit, leading to a dimensional crossover of electronic and magnetic interactions [6] [7] [8] [9] [10] [11] [12] . For example, the 2D limit of the iridate RP family, Sr2IrO4 ( Fig. 1(a) ), represents a novel spin-orbit coupled Mott insulator [13, 14] . The subtle balance between spin-orbit coupling, onsite Coulomb repulsion, and crystal field effect leads to a pseudospin Jeff = 1/2 moment on each Ir site that orders antiferromagnetically within the 2D perovskite layer with an easy abplane anisotropy and spin canting [14] [15] [16] [17] . The magnetic structure is extremely sensitive to the dimensionality as slight increase of n to 2 stabilizes a c-axis collinear antiferromagnetic (AFM) insulating state in Sr3Ir2O7 ( Fig.1(a) ), rendering a dimensionality-controlled spin flop transition [18, 19] . When further moving toward the 3D limit, the insulating ground state melts into a topological semimetallic state in paramagnetic SrIrO3 ( Fig.1(a) ) [10] [11] [12] [20] [21] [22] .
To study and control the emergent phenomena within the dimensional crossover, epitaxial growth of the RP series is a particularly appealing route due to additional tunability of the lattice structure, such as imposing epitaxial strain [23] [24] [25] [26] [27] [28] [29] [30] [31] . However, while epitaxial thin films of Sr2IrO4 and SrIrO3 can be readily obtained and have been characterized by many techniques [23] [24] [25] [26] [27] 30, [32] [33] [34] , epitaxial growth of Sr3Ir2O7 is much more challenging. It was reported that by using a single SrIrO3 target, the Sr3Ir2O7 phase can be obtained through carefully control of the oxygen pressure and the temperature within a small region of the parameter space [35] . The low thermodynamic stability and the narrow growth window of the Sr3Ir2O7 phase were later confirmed by using a target of the Sr3Ir2O7 phase [36] . On the other hand, the magnetic ordering of the Sr3Ir2O7 thin films remains unclear.
In this work, we performed a systematic investigation of the thermodynamic stability of the iridate RP series in relation to the growth atmosphere. By using a target of the Sr2IrO4 phase, we were able to obtain high-quality thin films of single Sr2IrO4, Sr3Ir2O7 and SrIrO3 phase by varying the pure oxygen pressure. Srn+1IrnO3n+1 thin films with thickness around 100 nm were deposited on SrTiO3 (001) (STO, apc = 3.905 Å) single crystal substrates by using a pulsed laser deposition system (KrF excimer laser). During deposition, the substrate temperature and laser fluence were kept as 850 ℃ and 3 J/cm 2 , respectively, whereas the background atmosphere composition and pressure were systematically varied. The pure oxygen atmosphere and oxygen and argon mixed gas atmosphere were chosen with gas pressure varied from 1 mTorr to 120 mTorr. Crystal structure and crystallinity of the thin films were investigated by X-ray diffraction (XRD) measurements on a Panalytical X'Pert MRD diffractometer using Cu Kα radiation (1.5406 Å). Magnetic properties measurements were carried out on a Vibrating Sample Magnetometer (Quantum Design). The dc resistivity was measured by using the standard four-point probe on a Physical Property Measurement System (Quantum Design). Synchrotron X-ray resonant magnetic scattering experiments were performed at NSLS-II beamline 4-ID, at Brookhaven National Laboratory. perovskite phase [37, 38] . These results indicate that not only the n = 1 and n = ¥ structures of the RP series can be epitaxially grown by using a Sr2IrO4 target, the n = 2 structure can also be stabilized by carefully varying the atmosphere pressure.
To further elucidate on this point, we performed detailed physical properties measurements. While the absence of net magnetization along with the resistivity kink observed in the thin film are compatible with a collinear antiferromagnetic configuration as reported for Sr3Ir2O7 single crystals [18] [19] 30] , direct verification of the antiferromagnetic ordering is usually highly challenging for thin film samples. To this end, we exploited x-ray magnetic resonant scattering, which has been proven to be a powerful probe of magnetic structure of iridates due to the element selectivity and resonant enhancement [13] . By tuning the x-ray photon energy to the Ir L3-edge, we performed magnetic resonant scattering measurements on the Sr3Ir2O7 film at 10 K. The (-0.5 0.5 24) AFM Bragg peak was clearly identified by the L-scan, as shown in Fig. 2(c) , directly demonstrating that the Ir moments are antiferromagnetically ordered within the IrO2 plane. Fig.   2(d) shows the energy profile at the representative magnetic reflection across the Ir L3-edge. A clear resonant effect can be seen, at energy slightly lower than the Ir L3 white line similar to other iridium compounds [13, [42] [43] , confirming the dominant role of Ir ions in developing the longrange magnetic ordering. This observation agrees well with the G-type AFM structure as reported in a Sr3Ir2O7 single crystal [18] [19] [44] [45] . Along with the structural analysis, we conclude that the as-obtained film under the intermediate pressure indeed has a single Sr3Ir2O7 phase. The growth evolution of the RP phases as a function of oxygen atmosphere pressure is summarized in the left panel of Fig. 3(a) . As the oxygen pressure increases from 1 mTorr up to 100 mTorr, the obtained thin film evolves from a single Sr2IrO4 phase to a single Sr3Ir2O7 phase.
Between these two single phases, there is an intermediate region where a mixed phase is obtained.
The growth window of the pure S3Ir2O7 phase is relatively narrow and spans a range of ~ 20 mTorr only. To enlarge the growth window, we systematically tuned the oxygen partial pressure while fixing the total atmosphere pressure to be 100 mTorr by introducing different amount of argon into the chamber. Five oxygen partial pressure, 80 mTorr, 50 mTorr, 20mTorr, 10 mTorr and 0 mTorr, were selected for this study. Starting from high oxygen partial pressure Po = 80 mTorr (PAr=20 mTorr), the obtained thin film displays a single Sr3Ir2O7 phase (Fig. 3 (b) ), which is the same as that in pure oxygen atmosphere with Po = 80 mTorr. By decrease the PO down to 50 mTorr (PAr = 50 mTorr), interestingly, the obtained thin film still only shows the set of Bragg reflections that characterizes a Sr3Ir2O7 single phase. This is in sharp contrast with the mixed phase film synthesized under pure oxygen atmosphere of the same Po = 50 mTorr (Fig. 3 (c) ). As the PO further decreases down to 20 mTorr (PAr = 80 mTorr) and 10 mTorr (PAr = 90 mTorr), the Sr3Ir2O7 phase remains robust though the Bragg reflections are broadened (Fig. 3 (c) and (d) ). In other words, the thermal stability of the Sr3Ir2O7 phase has been significantly enhanced by introducing argon. On the other hand, in a pure argon atmosphere, i.e., Po = 0 mTorr, none of the above RP phases can be synthesized, highlights the critical role of oxygen in stabilizing a Srn+1IrnO3n+1 phase. The growth evolution as a function of Po within mixed atmosphere is sketched in the right panel of Fig.   3(a) . As compared to that obtained in pure oxygen atmosphere, it is clear that the growth window of the Sr3Ir2O7 phase has been greatly expanded after introduction of argon.
From the chemical formula An+1BnO3n+1 of the RP oxides, it can be seen that the B/A cation ratio increases from 0.5 for n = 1 to 1 for n = ¥. The Sr2IrO4 and Sr3Ir2O7 phases can be considered as variants of SrIrO3 with different degrees of Ir-deficiency. It is indeed possible for SrIrO3 to decompose into the various RP members with the byproduct of Ir and O2, or vice versa. As shown by the previous studies [35, 36] , such a controllability of the thermodynamic stability of the three RP phases can be achieved during the growth by varying the ambient pressure of pure oxygen gas, which is also observed in our study. On the other hand, the background gas pressure of pulsed laser deposition is also known to strongly influence the plasma plume dynamics, including the ratio and energetics of different ions [46] [47] . This effect may also have significant impact to the growth kinetics, such as the sticking coefficients of different ions and species, especially when the pressure is tuned by more than two orders magnitudes [46] . Such impact is confirmed by the observed expansion of the growth window of the Sr3Ir2O7 phase when the overall pressure is maintained by introducing the Ar gas. In other words, when reducing the pressure under a pure oxygen atmosphere, the changes in the thermodynamic phase stability and the plume dynamic both favor the conversion from the Ir-rich to Ir-deficient phases. This combination results in a sharp evolution between the two end members, the Sr2IrO4 and SrIrO3 phases with a narrow window of the Sr3Ir2O7 phase in between. Indeed, the previous and our studies all found a remarkably similar phase dependence on the oxygen pressure from the level of 1 mTorr to 100 mTorr regardless of the target stoichiometry. Such a phase evolution is significantly slowed down when the plume dynamics is stabilized by the addition of the Ar partial pressure, extending the growth window of the Sr3Ir2O7 phase.
In conclusion, we systematically investigated the effect of growth atmosphere on the epitaxial growth of Srn+1IrnO3n+1 series. The magnetic scattering measurements in combining with structural analysis and physical properties measurement enable us to draw the growth phase diagram as a function of oxygen pressure, upon which the narrow growth window of the Sr3Ir2O7 phase is highlighted. We demonstrated that this growth window can be greatly expanded through introducing argon in the growth chamber. Known that pure oxygen is widely used during oxide synthesis process, the present study affords an efficient route to synthesize a metastable phase during epitaxial growth.
